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A complex low-pressure argon discharge plasma containing dust grains is studied using a Boltzmann
equation for the electrons and fluid equations for the ions. Local effects, such as the spatial
distribution of the dust density and external electric field, are included, and their effect on the
electron energy distribution, the electron and ion number densities, the electron temperature, and the
dust charge are investigated. It is found that dust particles can strongly affect the plasma parameters
by modifying the electron energy distribution, the electron temperature, the creation and loss of
plasma particles, as well as the spatial distributions of the electrons and ions. In particular, for
sufficiently high grain density and/or size, in a low-pressure argon glow discharge, the
Druyvesteyn-like electron distribution in pristine plasmas can become nearly Maxwellian. Electron
collection by the dust grains is the main cause for the change in the electron distribution function. ©
2004 American Institute of Physics. [DOI: 10.1063/1.1793174]
I. INTRODUCTION
There is much recent interest in dust grains in plasmas
because plasma-grown highly-charged grains can strongly
affect the discharge characteristics and the corresponding
applications.1 Often the grains can severely decrease the per-
formance of the latter.2,3 On the other hand, they are indis-
pensable in certain applications, such as sintering in the ce-
ramic industry, manufacturing of composite materials,
fabrication of ultrahard coatings4 and silicon films,5,6 etc.
From injected seed grains one can also fabricate exotic ob-
jects such as tailored grains with predefined surface structure
and property.2 Because of the complexity of dusty dis-
charges, theoretical work on the latter is usually on the more
basic aspects, such as self-organization and stationary states
of dusty plasmas7–9 and is based on simple models. There are
also studies of the effect of dust grains on the electron energy
distribution function (EEDF),10,11 the electron temperature,
and the electron and ion densities,12,13 diffusion-controlled
equilibria,14,15 etc. In most discharge models the EEDF is
assumed to be Maxwellian, although in reality it is often not
the case. Several numerical dusty-plasma models with non-
Maxwellian electrons have also been proposed. Boeuf16 de-
veloped a particle-in-cell/Monte Carlo model, and Mc-
Caughey and Kushner11 a hybrid Monte Carlo/molecular
dynamics model for studying the EEDF and other parameters
of dusty plasmas. To be reasonably realistic, numerical simu-
lations usually require much computational resource.17 On
the other hand, traditionally the EEDF in pristine (nondusty)
plasmas is obtained by solving the electron Boltzmann equa-
tion using the Lorentz approximation (see, e.g., Refs. 18 and
19, and the references therein), so that the (non-Maxwellian)
EEDF is determined self-consistently. Wang and Dong20 ap-
plied this approach to dusty plasmas, but the electric field
sustaining the plasma and the ion density are treated as ex-
ternal parameters.
In this paper we apply the Boltzmann equation under the
Lorentz approximation to an rf argon discharge containing
fine dust grains. The effect of nonuniform dust density and
sustaining electric field on the EEDF, the electron and ion
densities, the dust charge, etc., are investigated by self-
consistently solving the Boltzmann and the particle-balance
equations. In particular, we study the effects of the grains on
the EEDF and its transitions, and show that the dust grains
can lead to electron thermalization (Maxwellization).
II. THEORETICAL MODEL
A. Assumptions
We consider a large-area low-pressure rf argon discharge
containing dust grains. The length L of the discharge is
smaller than its radius, so that all plasma parameters depend
only on the coordinate x perpendicular to the planes bound-
ing the plasma slab. The discharge is maintained by an elec-
tric field Estd=Ep expsivtd, where v=2pfE and fE
=13.56 MHz. Ep is the amplitude of the rf field. The plasma
consists of electrons, singly charged positive ions Ar+, and
negatively charged colloidal dust grains of uniform size. We
shall consider two distinct cases: when the dust grains are
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uniformly distributed in the main body of the plasma, and
when the dust grains are concentrated at the plasma-wall
region. The former profile was observed during dust growth
in argon-silane mixtures,1,21 as well as when the grains were
created in the mixture and then trapped in the discharge.22
The latter dust profile has been observed in other
experiments.23,24
We assume that td@teq, where td and teq are the char-
acteristic times of dust motion and establishment of the equi-
librium state, respectively. Therefore, the massive dust grains
can be treated as immobile. In our model, dust parameters
typically found in existing laboratory experiments1,10,23,24 are
chosen. It is also assumed that the sheath around a dust grain
is thick compared to the dust radius, or lD@ad, where lD is
the Debye length and ad is the dust grain radius. The distance
between the dust grains is larger than the Debye length.
Thus, the linear Debye-Hückel potential can be taken as the
shielding potential of the dust grain,1
fsrd = fs
ad
r
expS− r − ad
lD
D , s1d
where fs is the grain surface potential. This potential is a
good approximation for grains with ad,1 mm.1,25,26
For most laboratory and industrial low-temperature plas-
mas under a wide range of operation conditions, the electron
dynamics is dominated by elastic collisions (see, e.g., Refs.
18 and 19). Thus the electron velocity distribution function
fsr ,v , td, where r and v are coordinates and velocities of the
electrons, is nearly isotropic and can be represented
by a first-order spherical-harmonics expansion (the
Lorentz approximation) (Ref. 27) fsr ,v , td= f0sr ,v , td
+ sv /vd · f1sr ,v , td, where f0 and f1 are the isotropic and an-
isotropic parts of the electron distribution, respectively, and
f0@ f1. Usually the field variation is much faster than that of
energy relaxation, or v.ne= s2me /midkneml+ kn*l, where n*
is the total inelastic collision frequency, mi,e are the ion and
electron masses, and nem is the rate of electron-neutral mo-
mentum transfer, and kfll denotes the energy-averaged
value. The isotropic part f0 of the distribution can thus be
treated as time independent.28,29
B. Electron kinetic equations
To obtain the EEDF, we make use of the homogeneous
Boltzmann equation,27,30 applicable when the plasma size
and neutral pressure are sufficiently large. For an argon
plasma, this means p0L.100 m Torr cm,31 where p0 is the
neutral pressure in mTorr and L (in cm) is the size of the
discharge. Since f0 is isotropic, it is convenient to express it
and the corresponding Boltzmann equation in terms of the
kinetic energy scale32 u=mev2 /2e. It follows that f0 can be
written as f0sud=nesrdF0sud, where nesrd is the electron den-
sity and F0 satisfies the condition eF0sudu1/2du=1. The cor-
responding homogeneous Boltzmann equation can then be
written as27,30
−
2e
3me
d
duS u
3/2
nmsud
Eeff
2 sud
dF0
du D=SeasF0d + SeesF0d + SedsF0d ,
s2d
where Eeff=Epnmsud / h2fsnm
2 sud+v2dgj1/2. Here SeasF0d,
SedsF0d, and SeesF0d describe the electron-atom, electron-
dust, and electron-electron collisions, respectively, and nm is
the effective rate of momentum transfer, including electron-
neutral and electron-dust collisions. Superelastic collisions
among electrons and atoms, as well as excitation from low to
high atomic states, are neglected.
The electron-atom collision term has several compo-
nents. The elastic collisions are given by
Sea
e sF0d =
d
duF2memi u3/2nemsudSF0 + TgdF0du DG , s3d
where Tg=0.026 eV (corresponding 300 K) is the neutral gas
temperature. Collision-induced atomic excitations are repre-
sented by
Sea
excsF0d = o
k
fnea
k su + VkdF0su + Vkdsu + Vkd1/2
− nea
k sudF0sudu1/2g , s4d
where nea
k is the collision frequency of the kth inelastic pro-
cess with a threshold energy Vk. In this approximation the
ionization of Ar atoms is treated as an ordinary excitation
process.33 For calculating the electron-atom rates we use the
cross sections from Ref. 34.
Electron-dust interaction includes scattering of electrons
from the Debye-Hückel potential around the dust, as well as
electron loss due to their deposition on the dust grains. The
electron-dust collision term can be modeled by20
SedsF0d =
d
duF2memd u3/2nede SF0 + TddF0du DG − nedc F0u1/2,
s5d
where ned
e sud and ned
c sud are the momentum transfer and elec-
tron absorption rates of electron-dust collisions, and md and
Td are the mass and temperature of the dust. For definitive-
ness, we shall set Td=0.026 eV and md=
4
3rdpad
3
, where rd
=2 g / cm3 (Ref. 1) is the grain material density.
Furthermore, we have ned
e sud=ndsed
e sud˛2eu /me and nedc sud
=ndsed
c sud˛2eu /me, where sede and sedc are the cross sections
for electron-dust momentum transfer and electron collection
by the dust, respectively. The electron-dust momentum trans-
fer cross section is20
sed
e sud = pad
2s− fs/ud2e2ad/lD ln L , s6d
where L.−lDTeff /adfs, and we have defined the electron
temperature Teff= s2/3de0
‘ F0sudu3/2du. In the orbit
motion limited (OML) approximation the electron
collection cross section is sed
c sud=pad
2s1+fs /ud for
uø−fs and 0 for u,−fs.
The electron-electron collision term SeesF0d is given by
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SeesF0d =
d
duF2u3/2neeSF0G + HdF0du DG , s7d
with
Hsud =
2
3SE0
u
u3/2F0suddu + u3/2E
u
‘
F0sudduD ,
and Gsud=e0uu1/2F0suddu, where neesud
=4pse2 /med2ne ln L /y3 and ln L is the Coulomb
logarithm.30
The ion current on the dust grain is given by35 Ii
=pad
2eni˛2eui /mis1−fs /uid, where ui<1.5Ti+mivi2 / s2ed,
Ti=0.026 eV is the ion temperature, and vi is the ion drift
velocity. The electron current collected by a dust particle is36
Ie = − pad
2eneE
−fs
‘ S1 + fs
u
D˛2eu
me
F0sud˛udu , s8d
according to the OML approximation. The dust surface po-
tential fs is related to the dust charge eZd by fs=eZd /ad.
The model requires that the electron and ion grain currents
balance, or
Ie + Ii = 0, s9d
and that the quasineutrality condition
ne + nduZdu = ni s10d
be satisfied.
C. Particle balance equations
To obtain nesrd, or nesxd in the one-dimensional case, it
is necessary to consider the overall particle balance in the
discharge. At sufficiently high pressures, when the mean free
paths are small compared to all the relevant dimensions, the
particle flows Ga, where a= i and e for the ions and elec-
trons, in the x direction are ambipolar, so that
Ga = − Da]xna ± maEsna, s11d
where Es is the ambipolar electric field sustaining the
quasineutrality of the plasma, and the + and − operations are
for the ion and electron equations, respectively. The diffusion
and mobility coefficients Da and ma are given by Di
= s2/3deui /minin, mi=e /minin,
sDe,med = ±
2e
3me
E u3/2
nmsud
fF0sud,duF0sudgdu , s12d
and nin is the ion-neutral collision frequency. In Eq. (12) the
+ and − signs are for De and me, respectively.
The particle balance equation is
]xGa = neknil − ndnaKad, s13d
where knil=enea
i sudF0sud˛udu is the averaged ionization
rate, and Kad is the rate coefficient for collection of particle
a by dust particles. For example, Kednd= kned
c l, where kned
c l
=e
−fs
‘ ned
c F0sud˛udu. Since in a quasineutral and stationary
plasma Ge=Gi from Eq. (13), we have neKed=niKid.
Using Eqs. (11) and (13) and taking into account the
plasma quasineutrality condition (10), one obtains
] ne
] x
= −
1
D1
Fneve + D2] snduZdud] x G , s14d
] ve
] x
=
ve
D1
Fve + D2
ne
] snduZdud
] x
G + knil − ndKed, s15d
where D1= fmisne+nduZdudDe+nemeDig / fmisne+nduZdud
+meneg and D2=nemeDi / fmisne+nduZdud+meneg. Equations
(14) and (15) determine the spatial distribution of the elec-
trons. The power absorbed per unit area (assumed to be
constant) by the plasma slab is given by Pin
=
1
2e0
LsRe spduEpu2dx. The real component of the plasma con-
ductivity sp can be written as
Re sp = −
2
3
e2ne
me
E
0
‘
u3/2nm
v2 + nm
2
dF0
du
du .
Equations (14) and (15) have to be supplemented by
appropriate boundary conditions. For Ep=const, it can be as-
sumed that the electron and ion drift velocities in the plasma
center vanish. At the plasma boundary the drift velocities
are equal to the Bohm velocity,37 given by38 vBi
<˛2e /mifeF0sudu−1/2dug−1/2.
Equation (2), (9), (10), (14), and (15) are solved numeri-
cally. The numerical program consists of two parts. The first
part calculates the EEDF for given Ep, electron density, dust
size, and density. Here, starting with an estimated EEDF
(such as the Maxwellian), we calculate the terms G and H in
Eq. (7), the first term in Eq. (4), and the momentum transfer
collision frequencies. As a result, we encounter instead of
Eq. (2) a linear equation, which we solve using the finite-
difference method39 and obtain a new EEDF. Using the latter
we determine the dust charge from Eq. (9) and the ion den-
sity by adding ne and nduZdu. The procedure is repeated until
all the calculated parameters coincide with those obtained
from the previous iteration up to the desired accuracy. In the
second part of the numerical evaluation, we solve Eqs. (14)
and (15) by a fourth-order Runge-Kutta scheme.
III. NUMERICAL RESULTS
From Eqs. (2), (9), (10), (14), and (15) the plasma prop-
erties for different dust densities and distributions can be
obtained. We shall consider both uniform and nonuniform
plasma heating. The former case is realized by assuming a
spatially uniform electric field sustaining the plasma, and the
second by assuming an x dependent electric field which de-
creases away from the plasma boundary, as in inductively
coupled plasma (ICP) sources.37
A. Nearly uniform dust density at constant Ep
Here the sustaining electric field Ep is spatially constant
and the dust particles are distributed over the entire plasma.
We assumed that the dust density nd is uniform in the region
1.17 cm ,x,8.83 cm and that it vanishes like cos x at the
plasma boundary. The profiles of ne, ni, and nduZdu for differ-
ent dust densities are shown in Figs. 1(a)–1(c). One can see
that the electron and ion densities decrease, but nduZdu in-
creases, with nd. The increase of the dust density is accom-
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panied by growth of the averaged electron dust collection
frequency kned
c l, as shown in Fig. 1(d). Due to increase with
nd of electron/ion collection by the dust particles, the elec-
tron and ion densities decrease as nd increases. To maintain
the balance between loss and creation of particles within the
plasma, ionization also increases with dust density, as shown
in Fig. 1(d). The increase in ionization can be attributed to a
rise of the electric field Ep. We find that Ep=235, 283 and
522 V/m for nd=53106, 107, and 53107 cm−3, respec-
tively. Figure 2(a) shows that an increase of Ep is accompa-
nied by increase in the number of high-energy electrons in
the EEDF tail, and that in turn enhances the ionization in the
plasma. Figure 2(b) shows that for uniform Ep the EEDF in
the high dust density region differs significantly from that in
the low nd region. This difference can be attributed to
electron-dust collisions.11,20 Electrons with energies higher
than −fs are collected by the dust grains, so that their num-
ber in the EEDF is depleted, as can be seen in Fig. 2(b). As
Fig. 2(c) shows, it follows that the electron temperature Teff
also strongly depends on nd. In fact, everywhere in the
plasma the Teff rises with nd as a result of Ep increase. We
also note that near the plasma boundary, where the dust den-
sity is small, the temperature is higher than at the slab center.
From Fig. 2(b) one can see that the presence of charged
grains can significantly reshape the EEDF by redistributing
the high- and low-energy electron populations. To answer the
question if the dust grains are responsible for the transitions
in the EEDFs, we compared the EEDFs calculated using the
present model with that of Maxwellian and Druyvesteyn at
different dust densities (see Fig. 3). The discharge conditions
were chosen according to that in the existing experiments
and modelings.40,41 The Maxwellian and Druyvesteyn distri-
FIG. 1. The electron (solid line) density, ion (dashed line) density, and nduZdu
(dotted line) for different dust densities: (a) nd=53106, (b) 107, and (c) 5
3107 cm−3. (d) Shows the averaged ionization (curves 1, 2, and 3) and
electron-dust collection (curves 4, 5, and 6) rates for nd=53107, 107, and
53106 cm−3, respectively. The other parameters are Pin=1 W/cm2, p0
=100 m Torr, L=10 cm, and ad=100 nm.
FIG. 2. (a) The EEDFs at x=5 cm for different dust densities: nd=5
3106 cm−3 (dotted line), 107 cm−3 (dashed line), and 53107 cm−3 (solid
line). (b) The EEDFs for x=5 cm (dashed line) and x=9.83 cm (solid line)
at nd=53107 cm−3 . (c) The spatial profile of Teff for nd=53106 cm−3 (dot-
ted line), 107 cm−3 (dashed line), and 53107 cm−3 (solid line). The other
parameters are the same as in Fig. 1.
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butions in Fig. 3 were obtained from Eqs. (9), (10), (14), and
(15) by setting F0sud=c1 exps−c2uxd, where c1 and c2 are
constants and x=1,2 correspond to the Maxwellian and
Druyvesteyn EEDF, respectively.38 In Fig. 3(a) one can see
that at low s107 cm−3d nd, for the conditions considered the
EEDF, obtained self-consistently from the Eqs. (2), (9), (10),
(14), and (15), is close to Druyvesteyn.
As nd increases, due to electron-dust collisions the num-
ber of electrons in the mid-energy range s−efsłu
ł20 eVd decreases as compared to that of the Druyvesteyn
distribution, and at sufficiently high nd, the EEDF becomes
close to Maxwellian, as can be seen from Fig. 3. The effect
of variation of ad on the EEDF is similar to that of variation
of nd, and thus shall not be discussed separately here.
B. Dust grains located near plasma boundary
For spatially uniform Ep, dust grains can also be concen-
trated near the plasma boundary. We assume nd
=nd max cossx−bd with zeros at x=7.6 and 9.8 cm, and that
the profile is symmetric with respect to x=5 cm. Here, b is
the coordinate, where nd is maximal. The ne, ni, and nduZdu
profiles for nd max=53106, 107, and 33107 cm−3 are shown
in Figs. 4(a)–4(c), respectively. One can see from Fig. 4 that
the electron and ion densities decrease in the region where
the dust grains are located. The decrease of the densities is
due to increase of the electron/ion collection by the dusts and
decrease of ionization in the dusty region, as shown in Fig.
5(a). The ionization rate decreases as collection of high-
energy electrons by dust grains increases with nd [see Fig.
2(b)]. Similarly, Teff decreases in the dust region [Fig. 5(b)].
The number of high-energy electrons in the EEDF is small
compared with that for the pristine (dust-free) region [Fig.
5(c)]. In the pristine region the ionization frequency and the
electron temperature increases slightly with nd, since Ep in-
creases to sustain the balance between production and loss of
the particles. The electric field sustaining the plasma is
158.5, 162.5, and 170.2 V/cm for nd=53106, 107, and nd
=33107 cm3, respectively.
C. Nonuniform electric field
We now consider nonuniform Ep, which is taken to be
Ep=Ep0 exps−x /dd where d=c /v Imf1−vpe
2 /vsv− indg1/2 is
the skin depth,37 and vpe and n are the averaged plasma and
electron momentum transfer rates, respectively. The electric
field distribution is typical for ICPs. The dust density is as-
sumed to be constant in the region 3 cmłxł7 cm and van-
ishes like cos at the slab boundaries x=0 and x=L.
FIG. 3. The EEDFs for different dust densities: (a) nd=107 cm−3, (b) 5
3107 cm−3, (c) 108 cm−3, and (d) 1.53108 cm−3. The solid, dotted, and
dashed lines correspond to the Maxwellian, Druyvesteyn, and calculated
[with Eq. (2)] EEDFs, respectively. Here ad=200 nm, Pin=1.6 W/cm2 and
the other conditions are the same as in Fig. 2(a).
FIG. 4. The same as in Figs. 1(a)–1(c) with dust grains located near the slab
boundaries, for (a) nd max=53106, (b) 107, and (c) 33107 cm−3. The other
conditions are the same as in Fig. 1.
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The governing equations are solved for nd=53106, 107,
and 23107 cm−3 at the plasma center. The corresponding
electron and ion densities and the dust charge density are
shown in Figs. 6(a)–6(c). One can see that ne generally de-
creases with increase of the dust density. The decrease is due
to loss of electrons to the dusts. The maxima of ne and ni
shift slightly to x=0 as nd increases because at high dust
densities most of the negative charge in the region xø6 cm
is on the dust particles, and ne is very small there [see Fig.
6(c)] because the electric field drops as x increases, and as a
result ionization is small and electron loss is high at rela-
tively large nd. The electric field maintaining the plasma in-
creases with nd, so that ionization in the plasma is enhanced
[Fig. 6(d)].
The electron temperature Teff is also nonuniform [see
Fig. 7(a)]. It depends on the dust density as well as Ep. In the
plasma region where the dust density is sufficiently high, Teff
decreases as nd increases. This behavior is in good agreement
with the results of earlier works.11,20 In particular, Mc-
Caughey and Kushner,11 using a hybrid simulation model,
reported that at fixed electric field Teff decreases with the
dust density. Near the plasma boundaries where the dust den-
sity is small Teff grows because Ep rises with nd. It is mini-
mum near x=8.0 cm, where the dust density is high and the
electric field relatively small.
Figures 7(b) and 7(c) show that the number of the high-
energy electrons in the EEDF increases with nd in all re-
gions. But in the dusty region, due to electron-dust collisions
the number of electrons in the mid-energy range
s6eV,u,12 eVd is lower, and in the low-energy region
suł3 eVd higher [see Fig. 7(c)] with dust density increase.
The EEDF also becomes closer to Maxwellian with increase
of nd, and as expected it is accompanied by a decrease of
Teff, as shown in Fig. 7(a).
FIG. 5. (a) The averaged ionization (dotted, dashed, and dash-dotted curves)
and electron-dust collection (curves 1, 2, and 3) rates for ndmax=33107, 107,
and 53106 cm−3, respectively. The curves 1, 2, and 3 in Fig. 5(b) are the
Teff profiles for ndmax=33107, 107, and 53106 cm−3, respectively. (c) The
EEDFs at x=5 cm (dashed line) and 8.67 cm (solid line) at ndmax=3
3107 cm−3. The other parameters are the same as in Fig. 1.
FIG. 6. Electron (solid line) density and ion density (dashed line), and nduZdu
(dotted line) for (a) nd=53106, (b) 107, and (c) 23107 cm−3. (d) shows Ep
for nd=53106 (solid line), 107 (dashed line), and 23107 cm−3 (dotted line).
Here, Pin=0.3 W/cm2. The other parameters are the same as in Fig. 1.
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IV. DISCUSSION AND SUMMARY
We now discuss the results and limits of our model. In
general, we found that the characteristics of dusty rf plasmas
can depend strongly on the dust density and its spatial pro-
file. It is instructive to see how the dust grains effect the
plasma properties, in particular, the EEDF. Physically, the
direct effect of dusts on the EEDF is from momentum-
transfer and inelastic (absorption) electron-dust collisions.
However, in a complex plasma the electrons also collide with
the other plasma species that are also affected by the dusts.
Thus, one should take into consideration all the relevant col-
lisions and know which collisions are more important in af-
fecting the EEDF. To answer this question we compare the
momentum transfer sned
e d and inelastic electron-dust sned
c d
collision frequencies with the corresponding electron-neutral
ones. Figure 8(a), where nea
exc is the total excitation frequency
for electron-atom collisions, shows that in the low-energy
range su,2 eVd the electron-dust momentum transfer colli-
sion frequency is higher than that of the electron-neutral
collisions. But the term sd /dudhs2me /mddu3/2ned
e fF0
+TdsdF0 /dudgj in Eq. (5) for momentum transfer is still
smaller than that of electron-neutral collisions (3) because of
mi!md (here md /mi.108). At the parameters considered the
electron-dust momentum-transfer collisions can effect only
the left-hand side of Eq. (2) describing the energy transfer
from the electric field to plasma [recall that in Eq. (2) nm
=ned
e +nem]. This effect can be important only at low electron
energies [see Fig. 8(a)]. To study the effect of the momentum
transfer and nonelastic electron-dust collisions on the EEDF,
we calculated the latter from Eqs. (2), (9), (10), (14), and
(15) with nede =0, nedc Þ0 [dotted line in Fig. 8(b)] and nede
Þ0, ned
c
=0 [dashed line in Fig. 8(b)]. In the calculations the
electron-dust collision frequency was zero only in Eq. (2). Ep
and ne were the same as that in the case with ned
e Þ0, ned
c
Þ0, as given by the solid line in Fig. 8(a). From Fig. 8(b) it
is seen that the EEDF at ned
e
=0 is very close to the EEDF
obtained at ned
e Þ0 and ned
c Þ0. The small variation in the
EEDF for ned
e
=0 and ned
e Þ0 is observed in the energy range
u,5 eV because of the difference at small energies on the
left-hand side of Eq. (2). The inelastic dust collisions affect
more essentially the EEDF than the momentum-transfer
electron-dust collisions. At ned
c Þ0 the number of electrons
with u.−fs (for the parameters of Fig. 8, fs=−7.2 eV) de-
creases due to their collection by the dust particles. The de-
crease of the high-energy electrons in the EEDF is accompa-
nied by an increase of electrons in the low-energy regime
su,5 eVd as compared with that for nedc =0. Thus, the inelas-
tic collisions are mainly responsible for the modification of
the EEDF profile [see Fig. 3 ]. In general, increasing the dust
density [Fig. 2(a)] will increase the number of high-energy
electrons, which in turn increases the ionization and compen-
sates for the additional electron loss to the dusts.
The dust particles also affect the densities and spatial
distributions of the plasma particles. The effects are, how-
ever, similar to that obtained from simpler models14,15 where
FIG. 7. The electron temperature Teff (a) and the EEDFs at x=0 (b) and x
=7 cm (c) for nd=53106 (solid line), 107 (dashed line), and 23107 cm−3
(dotted line), respectively. The other parameters are the same as in Fig. 6.
FIG. 8. The electron-dust collision frequencies nede (curve 2), nedc (curve 3)
as compared with those for electron-neutral collisions nem (curve 1), nea
exc
(curve 4) (a) and the EEDFs at x=0 (b) obtained from Eq. (2) with nedc
Þ0 and nede Þ0 (solid line), nede =0 and nedc Þ0 (dotted line), and nedc =0 and
ned
e Þ0 (dashed line) for nd=108, Pin=0.5 W/cm2 and the other parameters
as in Fig. 1.
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the EEDF is assumed to be Maxwellian and fixed. In particu-
lar, the electron density decreases (Fig. 1), the ion density
becomes more uniform in the x direction (Fig. 1), and the
average electron temperature increases with nd [Fig. 2(c)].
However, here we see that even if Ep=const in plasma col-
umn, the electron temperature is nonuniform because of
electron-dust collisions in dusty regions.
We now summarize and discuss the validity of the
present model. We have assumed quasistationary EEDF. The
condition for quasistationarity28,29 in dust-free plasmas was
given at the end of Sec. II A. In dusty plasmas the condition
can be written as v. s2me /midkneml+2sme /mddkned
e l+ kned
c l
+ knea
excl, which is satisfied at relatively small pressures or
high generator frequencies. We also used the local
approach19 in solving the electron kinetic equation. As
pointed out in Sec. II B, the approach is valid for large
plasma size and pressure, or when the energy relaxation
length l«.lhsknml+ kned
e ld / fs2me /midkneml+ s2me /mddkned
e l
+ knea
excl+ kned
c lgj1/2 is smaller when the plasma size l«,L,
19
where l is the mean free path of electrons. Following the
procedure of Ref. 19, the criterion for the applicability of the
local approach in a dusty plasma is found to be
1
QQ* , snaLd
2
, s16d
with Q*= kseaexcl+ ksedc lnd /na and Q= kseml+ ksede lnd /na,
where na is the Ar gas density, sem and sea
exc are the momen-
tum transfer and total excitation cross sections for electron-
neutral collisions. The terms ksed
c lnd /na and ksed
e lnd /na in the
inequality (16) are due to the presence of dust, and because
of them the inequality can actually be satisfied at lower pres-
sures and smaller plasma sizes than that of the dust-free case.
We have mainly considered spatially uniform external
electric field Ep, an approximation often used in discharge
theories. It allows one to avoid treating the details associated
with local field nonuniformity. Besides, in many experiments
the bulk of the plasma is quite uniform. For example, Ta-
chibana et al.10 reported that self-organization of their rf
plasma occurs at high dust densities through reduction of the
sheath potential and enhancement of the bulk-plasma poten-
tial, as a compensation for loss of electrons to the dusts. The
measured electric field in the rf plasma was fairly uniform.
Our results show clearly [see Fig. 5(a)] that excitation
and ionization of neutral atoms in the dust-free regions are
higher than that in the dusty regions. This rather unexpected
scenario agrees well with that in the dust void
experiments.42,43 Our results are also in good agreement with
the experiments of Tachibana et al.10 and Bouchoule et al.,44
where enhancement (with respect to the pristine discharge)
of high-energy electrons in the EEDF is found in dusty plas-
mas. Furthermore, Tachibana et al.10 also noted that in dusty
Ar plasma the EEDF becomes closer to Maxwellian, com-
paring with that in the dust-free plasma.
We have assumed that the plasma is quasineutral and
quasistationary. This may not be the case in many experi-
ments. Nevertheless, the proposed model allows one to pre-
dict the spatial distribution of the plasma parameters, such as
the EEDF, the electron and ion number densities, the electron
temperature, and the dust charge in rf plasmas with dust
grains. In most existing investigations on dusty
discharges,3,12–15 a fixed Maxwellian EEDF is invoked, so
that the important effects from the modification of the EEDF
by the presence of dusts are precluded. Furthermore, while
most existing theories1 are applicable to dusty plasmas at low
snił109 cm−3d densities, they are in general not suitable for
modern higher density plasmas. In the present model, ion
densities of 1010 cm−3 or larger are allowed, so that our re-
sults can also be used for analyzing modern industrial ICPs
as well as some wave-sustained plasmas.
V. CONCLUSION
A kinetic model for argon plasmas containing charged
dust or colloidal grains has been proposed. The model takes
into account all the relevant processes in dust contaminated
plasmas, in particular, the particle sources and sinks. It al-
lows us to obtain the spatial distribution of the EEDF, the
electron and ion densities, the electron temperature, as well
as the average dust charge of quasistationary or equilibrium
state of the complex plasma system. It is shown that the
spatial profiles of the dust density and the sustaining electric
field can significantly affect the behavior of the system. The
electron temperature for nonuniform dust particle distribu-
tion is not spatially uniform even at spatially uniform electric
field sustaining the plasma.
The dust grains also affect the profile of the EEDF. Elec-
tron collection by the dust grains increases the number of
high-energy electrons in the EEDF tail and modifies the elec-
tron distribution in the low-energy regime. The effect of mo-
mentum transfer in electron-dust collisions on the EEDF is
smaller than that of electron collection by the dust grains.
Because of collection (due to inelastic electron-dust colli-
sions) of electrons by the dusts, the overall electron loss
increases, and the system then self-organizes to maintain a
balance between the production and loss of electrons by in-
creasing the number of high-energy electrons. This increase
of the tail electrons in the EEDF can be associated with a rise
of the electric field Ep sustaining the plasma.
On the other hand, because of inelastic electron-dust col-
lisions, with nd increase the number of electrons in the mid-
energy range s−efsłuł20 eVd decreases relative to that of
the Druyvesteyn distribution in the pristine plasma. As a re-
sult, the number of high-energy electrons increases with re-
spect to the number of the mid-energy range electrons. Thus,
the addition of fine dust grains to a plasma can efficiently
thermalize the plasma. In particular, the original
Druyvesteyn-like EEDF becomes nearly Maxwellian at suf-
ficiently large nd and/or ad.
The model considered here is relatively simple. It is
valid for plasmas containing micron or submicron dust
grains. Extension of it to electronegative reactive plasmas for
generating hydrocarbon45 and fluorocarbon46 grains at ,1
−10 nm size is most desirable. However, such an extension
can be realized only when a more realistic dust-charging
theory is available.
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